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1.Abstract
It is well established that clustered DNA damages or multiply damaged sites (MDS) are the result of
ionizing radiation and that they are characterized by an enhanced mutagenic potential. As a model MDS,
we have evaluated the mutagenic and cytotoxic properties of the ubiquitous oxidative DNA damage 8oxoguanine (G8-oxo) adjacent to the abasic site lesion (Z) using a single stranded M13mp7L2 vector. The
recombinant DNA was used to transform wild type E. coli strains and strains deficient in the translesion
DNA polymerase of the Y-family, DNA polymerase IV, in the presence or absence of SOS induction.
The percent survival of the 5’ZG8-oxo lesion-containing M13, measured in comparison to an undamaged
vector, was slightly higher in the DNA polymerase IV knockout strain compared to the wild type
indicating that translesion polymerases other than DNA polymerase IV may be more efficient in
bypassing the damage. The mutagenesis of 8-oxoguanine was enhanced in the tandem lesion compared
to the single 8-oxoguanine lesion suggesting that the abasic site alters the replication fidelity of its
neighboring lesions. The major mutations observed for the abasic site were deletions across all strains
with a smaller proportion of Z→T mutations. Interestingly, the polymerase IV knockout strain under
SOS induction showed an approximately equal percentage of Z→T mutations and Z→Δ deletions.
Overall, these results support the hypothesis that DNA polymerase V, another translesion DNA
polymerase of the Y-family, may be involved in Z→T mutations and more efficient bypass of the
tandem lesion.
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3. Introduction
The survival, reproduction and normal function of a cell primarily depend upon its ability to
maintain the structural integrity of its own DNA that is threatened by a variety of agents. These agents
can have endogenous origins such as is the case for reactive oxygen species or may have an origin that is
exogenous to the cell such as ionizing radiation. Most frequently they can cause damage to DNA, and if
the damage is not repaired by cellular repair mechanisms, it can interfere with DNA replication and cell
cycle progression leading to tumorigenesis or cell death (1). These damages sometimes involve
alteration of the chemical structure of the nitrogenous bases (forming lesions) and in other cases, the
damages may even entail complete removal of the nitrogenous base (with the formation of an abasic
site).
Two types of oxidative DNA damages that are of particular interest are 8-oxoguanine (8-oxoG)
and the apurinic/apyrimidinic (AP) sites (refer to Figure 1A for structure). The 8-oxoguanine lesion is
one of the most abundant and well characterized lesions resulting from DNA oxidation (2). AP sites are
frequently produced as an intermediate in base excision repair of other lesions or may also be formed
spontaneously through cleavage of the glycosidic linkages that connect the nitrogenous bases in DNA to
the deoxyribose sugar. Base excision repair (BER) is a versatile method used by cells to remove
nitrogenous bases that have been damaged by free radicals, ionizing radiation, or reactive oxygen
species. An essential intermediate in BER is the generation of the AP site through the action of DNA
glycosylases which catalyze the hydrolysis of the N-glycosidic bonds in damaged bases (3). AP sites
undergo repair by AP endonucleases, and several other proteins, but before this occurs they may serve as
substrates for DNA replication, leading to incoporated errors and DNA mutations.
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G8-oxo

Z

Figure 1. A. Structures of the DNA lesions that are the focus of this research. Both 8-hydroxyguanine (8-oxoG) and
tetrahydrofuran are shown. Tetrahydrofuran will be used as a model AP site given that AP sites are extremely unstable.

B.

Oligonucleotide 12mer sequences containing different combinations of the two lesions under investigation. Z: AP site G8-oxo:
8-oxoguanine. Note that sequence 3 is the control sequence.

This is especially true when AP sites are part of a cluster of DNA damage where the other
lesions may increase up to eight-fold the lifetime of the AP site (4). The apurinic/apyrimidinic (AP) site
tandem to 8-oxoG lesion combination is an example of such a cluster and is of special interest because it
is indicative of a larger class of DNA lesions called multiply damaged sites (MDS). MDS are products
of DNA damage where multiple damaged nucleobases exist in close proximity in the same or different
strands of the DNA molecule. The formation of MDS has been linked to ionizing radiation but their
biological effects have not been extensively explored (5). Most notably, various MDS combinations
including tandem DNA lesions, are associated with enhanced DNA mutagenesis and impaired DNA
repair when compared to single lesions and are, therefore, characterized by a higher mutagenic potential
(6).
An additional reason an AP site tandem to 8-oxoG was chosen in this study is that this lesion
combination may simulate a realistic in vivo situation in which two adjacent DNA nitrogenous bases
are damaged and only one of the resulting damaged bases is removed by DNA glycosylases during
BER, thereby generating an AP site tandem to another DNA lesion. In fact, it has been demonstrated in
vitro that in the case of MDS, only one of the two lesions can be efficiently repaired during BER which
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could create an MDS containing a damaged base in close proximity to an AP site (7). Therefore, the 8oxoG/ AP MDS can serve as a model for studying the mutagenesis of DNA lesions that are tandem to 8oxoG where the lesion in question is removed preferentially by DNA glycosylases leading to the
generation of an AP site directly adjacent to 8-oxoG.
The mutagenesis of the 8-oxoguanine tandem to AP site lesion has been previously studied in
Simian Kidney cells (8). This study has shown that the presence of the AP site adjacent to 8-oxoG
enhances G⟶T   transversions of 8-oxoG as a result of an increased tendency to form base pairs with
adenine, as G:A pairs, during DNA replication. It was also shown that tandem mutations ocurred at both
the AP site and the 8-oxoG site and that the frequency and characteristics of the mutations was sequence
dependent. Other researchers have reported the mutagenicity of 8-oxoG tandem to other combinations of
DNA lesions (6,9).
In the current work, we have evaluated the cytotoxicity and the types of mutations that are
induced by the 8-oxoG/ AP site MDS in strains of E.coli cells deficient in DNA polymerase IV relative
to wild type. DNA polymerase IV, a member of the Y-family DNA polymerases, is encoded by the
SOS-regulated dinB gene. These DNA polymerases of the Y-family are involved in error prone DNA
synthesis with relatively poor replication accuracy but are nevertheless capable of bypassing lesions in
DNA such as 8-oxoguanine that could otherwise block the progression of the replication fork (10).
These translesion polymerases are expressed at basal levels under normal cellular conditions but their
expression increases when DNA damage accumulates in the cell. This is part of a coordinated cellular
response to deal with such stressful conditions, called the SOS response (10). The SOS response can be
stimulated in E.coli by exposing the culture to UV radiation. The DNA sequences whose mutagenesis
will be studied can be found in Figure 1B and include both the single 8-oxoG lesion and the tandem 8oxoG/AP site MDS. Because an AP site is highly unstable, a stable tetrahydrofuran molecule was used
instead in this work as a model of an abasic site.
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4. Materials and Methods
4.1 Materials
The M13mp7L2 vector was extracted from an infected overnight GW5100 E. coli culture using a
QIAprep spin M13 kit (Qiagen). The enzymes T4 DNA Ligase, EcoRI, and T4 polynucleotide kinase
and associated buffers were purchased from New England Biolabs (Beverly, MA). The GW5100 and the
wild type AB 1157 E. coli and knockout strains were available in our laboratory. [γ-32P]ATP was
purchased from Du Pont New England Nuclear (Boston, MA).
4.2 Oligonucleotide Synthesis and Purification
The tetrahydrofuran-containing (Z*), 7,8-dihydro-8-oxo-2’-deoxyguanosine (G8-oxo*)-containing
and control dodecamer oligonucleotides of sequence d[TGC AGZ* G8-oxo*TC AGC], d[TGC AGT G8oxo*

TC AGC], and d[TGC AGT GTC AGC] were synthesized and purchased by the Midland Certified

Reagent Company, Inc. (Midland, TX). The G8-oxo-containing oligonucleotides were deprotected with
concentrated NH4OH and purified by reverse phase HPLC. The 12-mer oligonucleotides were then
separated from shorter or longer length contaminating oligonucleotides using denaturing 20%
polyacrylamide gel electrophoresis (PAGE) and desalted as described previously (11). The purified
oligonucleotides were analyzed by radiolabeling them using T4 polynucleotide kinase and [γ-32P]ATP as
substrate. The labeled oligonucleotides were separated by a second PAGE gel. The results of this
separation can be found in the Supplementary Data section (Figure S1).
4.3 Construction of the recombinant M13mp7L2 vector
The construction of both control and lesion containing recombinant vectors involved subjecting
the M13mp7L2 DNA, which contains a hairpin region, to digestion by the restriction endonuclease
EcoRI at a concentration of 20 units/ µg DNA in 50 mM Potassium acetate, 20 mM Tris-acetate, 10 mM
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Scheme 1. General scheme for synthesis of the 3 constructs containing the DNA oligonucleotide sequences 1-3 from
Figure 1B using the single stranded M13mp7L2 vector.

magnesium acetate, 1mM DDT at a pH of 7.9(Buffer 1). The solution was incubated at 37 oC for 2
hours. Following digestion, the linearized vector was scaffolded with a 52-mer scaffold sequence that is
complementary to both insert and vector ends in a salt concentration of 25 mM NaCl. The scaffold was
used to increase the efficiency of insert ligation. To accomplish scaffolding, the solution was heated to
75 0C for 5 min; then it was allowed to cool gradually to room temperature followed by 4 0C overnight.
In preparation for ligation, the purified oligonucleotide inserts were phosphorylated using 20 units/ µg
oligonucleotide of T4 polynucleotide kinase (PNK) at 37 oC for 30 min in 50 mM Tris-HCl, 10 mM
MgCl2, 1 mM ATP buffer (Buffer 2). The PNK enzyme was then deactivated by heating at 60 oC for 10
min. The scaffolded solution was incubated with the phosphorylated inserts and 40 units/µg DNA of T4
DNA Ligase in Buffer 2 for 4 hours at 16 oC. Following ligation, the construct was again digested with 5
units/µg DNA of EcoRI in Buffer 1 at 37 oC for 1 hour to completely digest any uncut DNA. The
scaffold was removed through the addition of a complementary anti-scaffold and by heating to 90 oC for
45 s followed by rapid cooling on ice.

The recombinant constructs were purified, desalted, and

concentrated using a 100K Amicon column. The concentration of each construct was determined using
1% agarose gel electrophoresis.
4.4 Competent Cell preparation and SOS Induction
In order to transform wild type AB 1157 E. coli and DNA polymerase knockout cells with the
recombinant vector, competent cells were prepared as described previously (12). Briefly, the appropriate
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E. coli strain was selected and grown overnight in 10 mL of Luria Broth (LB) at 37 oC with shaking. The
overnight culture was then subcultured in 200 mL of 1xLB and grown with shaking at 37 oC until log
phase was reached at OD550= 0.4-0.5 . The culture was then cooled to 0 oC with ice and the cells were
pelleted by centrifuging at 5K rpm for 12 min at 0 oC. Following centrifugation, the cells were
resuspended in 200 mL ice-cold distilled water and centrifuged again at 5K rpm for 10 min at 0 oC. This
process was repeated to ensure that the majority of the salts had been washed from the cells. The cells
were then suspended in 250 µL of 10% glycerol and placed on ice until further use.
To induce the SOS response, the above process was carried out with some modifications. After
the first centrifugation step, the pelleted cells were resuspended in 100 mL of 10 mM MgSO4 and
transferred to petri dishes in 25 mL aliquots where they were treated with UV light (254nm) at 50 J/ m2
to induce SOS expression. The cells were then incubated in 100 mL of 2xLB for 40 min at 37 0C
without shaking to allow the expression of related enzymes to take place. Following incubation, the
cells were pelleted and washed as previously indicated.
4.5 Electroporation and Oligonucleotide Hybridization
A total of 50 ng of the recombinant construct was transferred into 60 µL of the prepared
competent cell suspension which was added to an ice-cold Bio-Rad Gene-Pulser cuvette. The construct
was then electroporated into the competent cells by placing the cuvette in a Bio-Rad Gene-Pulser
apparatus set at 25µF, 1.8kV and 200Ω. Following electroporation, the cells were mixed in 1mL of SOC
medium and incubated at 37 oC for 1 hour with shaking. The cells were then centrifuged and the
supernatant was collected to isolate the M13 bacteriophage virus. The M13 titer was analyzed by plating
with GW5100 lawn bacteria in the presence of X-gal and IPTG in accordance with the previously
described plaque assay (13). The overall cytotoxicity of the various lesion containing constructs was
determined by enumerating the number of plaque forming units in each plate to determine the viral titer
in the original M13 supernatant and compare it to the viral load of the control-containing M13 construct.
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To assess the mutational frequencies of the lesion-containing oligonucleotides, wild type and
mutant probes were first optimized against the target sequence. The hybridization procedure involved
using the plates from the plaque assay which were replicated onto 82 mm Nylon membranes (Fischer
Sci.). The DNA was fixed by saturating the membranes in 0.5 M NaOH/1.5M NaCl for 30s, followed by
0.5M Tris-HCl/1.5 M NaCl for 5 min and finally 2X SSC for 12 min. The DNA was then crosslinked
using a UV-Crosslinker that was set at 1200x100 µJ/m2. The membranes were washed with
Prehybridization solution for 4 hours at 50 oC. Radioactively labeled probes were added to the
Hybridization solution which was then used to incubate the membranes at 50 oC overnight. The
membranes were then thoroughly washed with Wash solution at 50 oC to remove any unbound probe.
After washing, the membranes were placed in a casette along with a PMI screen for overnight exposure
and imaging1.

5. Results
Figure 2. Agarose gel electrophoresis image of different DNA
samples from the construct preparation process. The image was
used to determine the concentration of the final purified constructs.
From left to right the samples are: 1: Standard M13 DNA 2: M13
DNA subject to EcoRI digestion 3: M13 DNA after addition of the scaffold 4: Control Construct 5: “G8-oxo” Construct 6:
“5’ZG8-oxo” Construct 7: Mock containing the scaffold 8: Mock after removal of the scaffold. The two bands are: c: circular
single stranded M13 DNA l: linear single stranded M13 DNA

Construct preparation and assessment: In order to study the cytotoxic and mutagenic
properties of the single and tandem lesions, we have created a recombinant construct using the
M13mp7L2 vector and following standard protocols of genetic engineering. Agarose gel electrophoresis
confirms the successful preparation of the recombinant constructs (Figure 1). Enzymatic digestion of
the vector was complete as can be seen by the absence of a circular band in lane 2 of the image and

1

The identity of all solutions used for hybridization can be found in the Supplementary Data section,
Table S1.
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Table 1. Viability of the lesion containing M13 in wild type AB1157 E.coli cells and the DNA polymerase IV knockout
strains under plus or minus SOS conditions. The survival percentage was determined by comparing the number of PFUs/µL
from the 8-oxoguanine and 5’ZG8-oxo containing M13 to that of the control genome which is assumed to have 100% viability.

Strain
Wild Type -SOS

Wild Type +SOS

pol IV -SOS

pol IV +SOS

Experiment

Control (%)

G8-oxo (%)

5’ZG8-oxo (%)

Trial I
Trial II
Average
Trial I
Trial II
Average
Trial I
Trial II
Average
Trial I
Trial II
Average

100

42

0.029

100
100
100
100
100
100
100
100
100
100
100

92
67± 35
18
48
33±21
100
96
98±2.8
51
80
66± 20

0.095
0.062± 0.047
0.14
0.12
0.13±0.014
0.08
0.127
0.10±0.033
0.09
0.13
0.11 ± 0.028

scaffolding was particularly efficient (~50%) as evidenced by the reappearance of the circular band in
lane 3. The mock samples did not receive an oligonucleotide insert and, as a result, upon removal of the
scaffold they became linear. However our constructs (lanes 4-6) retained a circular band after removal of
the scaffold, which confirms the successful incorporation of the oligonucleotides.
Cytotoxicity of single and tandem lesions: SOS-induced and un-induced competent cells were
transformed with the constructs and the phage supernatant was isolated and plated using the phage
plaque assay. The cytotoxicity (survival rates) of the lesions was determined by comparing the number
of plaque forming units (PFUs) per µL of the single and tandem lesion phage solutions to the PFUs/µL
of the control phage solution. The viability for both single and tandem lesions relative to control is
shown in Table 1. The 8-oxogG lesion displayed a relatively high viability across all strains, which is a
strong indicator of relatively minor cytotoxicity. It is thought that 8-oxoguanine, which is one of the
most abundant oxidative DNA damages, does not significantly block synthesis at the replication fork.
Therefore, it is likely that in the un-induced cells, DNA polymerase I and III are involved in the bypass
of this lesion. This is consistent with the high survival rates in the un-induced cells (wild type and DNA
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Figure 3A. Viability of the 8-oxoguanine lesion containing M13 in wild type AB1157 E.coli cells and the DNA
polymerase IV knockout strains under minus or plus SOS conditions.

3B. Viability of the 5’ZG8-oxo containing M13 in wild

type AB1157 E.coli cells and the DNA polymerase IV knockout strains under minus or plus SOS conditions. The errors are
shown in the graph and the standard deviation of the percentages can be found in Table 1.

polymerase IV knockout strains) where TLS polymerase expression is minimal.
The survival rate for the 8-oxoguanine tandem to the AP site MDS was also determined for the
wild type and pol IV knockout strains. Overall the tandem lesion is ~ 100-fold more cytotoxic compared
to the single 8-oxoguanine lesion as evidence by the survival rates in Table 1 and in Figure 3 across all
strains. As expected, the SOS-induced strains exhibited a higher percent viability compared to the uninduced strains.

This result is more pronounced in the wild type strain compared to the DNA

polymerase IV knockout strain (Figure 3B). Finally, the un-induced DNA polymerase IV knockout
strain exhibited a higher viability compared to the un-induced wild type strain.
Mutagenic properties of 8-oxoguanine in single and tandem lesions: Previous studies have
established that in both E. coli and mammalian cells, the most frequent mutation of 8-oxoguanine are
G→T transversions (15,16). This occurs as a result of a tendency of this oxidative DNA damage to
reorient itself and assume a syn conformation which can violate Watson-Crick base pairing and pair
efficiently when dATP is incorporated opposite to the lesion (15). We also observed a similar pattern
for the single lesion in the wild type E. coli knockout strains with G→T transversions being the most
frequent mutation at a frequency of 0.3%-0.6% (Table 2). Moreover, the DNA polymerase IV knockout
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Table 2. Mutagenicity of G8-oxo containing M13 in wild type AB1157 E.coli cells, DNA polymerase IV knockout strain
under minus SOS conditions and DNA polymerase IV knockout strain under plus SOS conditions.

Sequence

Strain

Plaques Screened

Wild Type -SOS
TG

8-oxo

T

G8-oxo→T
(%)

TGT
(%)

G8-oxo→C
(%)

198

197(99.5)

1(0.5)

0(0)

pol IV knockout -SOS

1035

1029(99.4)

6(0.6)

0(0)

pol IV knockout +SOS

320

318(99.4)

1(0.3)

1(0.3)

strain under SOS-induction exhibited an increased frequency of G→C transversions, which could be an
indication of more error-prone DNA bypass, possibly due to the involvement of DNA polymerase V.
The mutation pattern of 8-oxoguanine in the tandem lesion is also noteworthy. As can be seen in Figure
4, the overall mutation frequency of 8-oxoguanine when it is placed adjacent to an AP site is
significantly higher than when it exists as a single lesion. This shows that the AP site enhances the
mutagenicity of the 8-oxoguanine which is consistent with the hypothesis that MDS damages cause
enhanced deleterious effects on the cell. The most common mutation of 8-oxoG in the tandem lesion
were again G→T transversions with a smaller percentage of G→A transitions. These results are

Figure 4.
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Table 3. Mutagenicity of 5’ZG8-oxo containing M13(ZG8-oxoT sequence) in wild type AB1157 E.coli cells and DNA
polymerase IV knockout strain under minus or plus SOS conditions. NT refers to “Not Tested” since samples from those
particular trials were not subject to DNA sequencing. The triple knockout strain lacks expression of all three translesion DNA
polymerases. a A single sequence was detected to have multiple deletions in this trial (3.5%)

Strain

Wild Type -SOS

Wild Type +SOS

pol IV knockout -SOS

pol IV knockout +SOS

Triple knockout +SOS

Triple Knockout -SOS

Z→T
(%)

Z→A
(%)

Ζ→C
(%)

G8-oxo→T
Z→Δ
(%)

G8-oxo→Α
Z→A
(%)

22(73)

6(20)

0(0)

0(0)

0(0)

1(3.5)

47(71)

19(29)

0(0)

0(0)

0(0)

0(0)

Experiment

Plaques
Screened

Z→Δ
(%)

Trial Ia

30

Trial II

66

Total

96

69(72±1)

25(26±6)

0(0)

0(0)

0(0)

1(1±1)

Trial I

67

44(66)

23(34)

NT

NT

NT

NT

Trial II

82

52(63)

30(37)

NT

NT

NT

NT

Total

149

96(65±2)

53(37±2)

NT

NT

NT

NT

Trial I

53

47(89)

4(7.5)

0(0)

1(1.75)

1(1.75)

0(0)

Trial II

53

44(83)

6(11)

1(2)

0(0)

2(4)

0(0)

Total

106

91(86±4)

10(9±2)

1(1±1)

1(1±1)

3(3±2)

0(0)
1(2)

Trial I

60

32(53)

27(45)

0(0)

0(0)

0(0)

Trial II

76

39(51)

33(43)

2(3)

0(0)

0(0)

2(3)

Total

136

71(52±1)

60(44±1)

2(1.5±2)

0(0)

0(0)

3(2.5±1)
NT

Trial I

140

133(95)

7(5)

NT

NT

NT

Trial II

205

191(93)

14(7)

NT

NT

NT

NT

Total

345

324(94±1)

21(6±1)

NT

NT

NT

NT

Trial I

33

30(91)

3(9)

NT

NT

NT

NT

Trial II

15

14(93)

1(7)

NT

NT

NT

NT

Total

48

44(92±1)

4(8±1)

NT

NT

NT

NT

consistent with a similar study of the 8-oxoG/AP site MDS that was completed in simian kidney cells
and which also showed an enhancement of G→T transversions in the tandem lesion (8).
Mutagenesis of abasic site in tandem lesion: The detailed mutagenic profile for both single and
tandem mutations in the ZG8-oxoT sequence can be found in Table 3. As can be seen in both Table 3 and
Figure 5, the major mutation for the AP site in the sequence context that was studied were Z→Δ (i.e.,
deletion) followed by Z→T mutations in accordance with the “A rule”. Specifically in the DNA
polymerase IV knockout strain, we found that in the absence of SOS induction the percentage of
deletions was significantly higher compared to the number of Z→T mutations. However when the SOS
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Figure 5. Mutation frequencies in the 5’ZG8-oxo containing M13 for the various strains studied. These frequencies were
determined through oligonucleotide hybridization and DNA sequencing. The error bars show the standard deviation from two
trials.(TKO: Triple knockout strain)

response is induced and TLS polymerase expression increases, the number of Z→Δ mutations becomes
approximately equal to the number of Z→T mutations. In the wild type AB1157 strain a similar pattern
is not present even though there is a small increase in the frequency of Z→T mutations in the SOSinduced cells compared to the un-induced cells. The triple knockout strain, in which all three TLS
polymerases are knocked out (pol II, IV, and V), displayed mostly deletions (~95%) in both induced and
un-induced cells.
While deletions and Z → T mutations formed the vast majority of all mutations observed for the
abasic site in the tandem lesion combination, other mutations also occurred as can be seen for the
various strains that were analyzed by DNA sequencing (Table 1). In particular, single Z→A and Z→C
mutations were found in the un-induced and induced DNA polymerase IV knockout strain. These
mutations occur if dTTP or dGTP are incorporated opposite the abasic site, respectively. Interestingly,
tandem mutations were also observed in these strains. The un-induced pol IV knockout strain exhibited
several G8-oxo→T and Z→Δ mutations while the un-induced wild type and the induced pol IV knockout
strains had multiple G8-oxo→A and Z→A tandem mutations.
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6. Discussion
Cytotoxicity of single and tandem lesions
In this project we have evaluated both the ability of DNA polymerases to bypass the single 8oxoguanine lesion and tandem 8-oxoguanine/ AP site lesions and the mutations they induced during
successful lesion bypass. To evaluate these properties, we have used the site-specifically modified
M13mp7L2 vector, which was used to transform competent E. coli cells proficient or deficient in DNA
polymerase IV in the presence or absence of SOS-induction. Overall, we found that 8-oxoguanine does
not produce a significant block to replication given the high viability observed for the lesion across all
strains (Table 1). This result is consistent with previous observations suggesting the lack of cytotoxity of
8-oxoguanine in E. coli (17). However the pattern is different in the tandem lesion, where the viability
dropped dramatically to less than 0.2%. Since the only measurable difference between the two
recombinant vectors is the additional presence of the abasic site in the vector containing the tandem
lesion, we can conclude that the reduced viability of the tandem lesion is due to the presence of the
abasic site. It has also been previously established that the lesion bypass of single abasic sites is
particularly inefficient in most E. coli strains deficient in Y-family DNA polymerases (18). Therefore
the presence of 8-oxoguanine on the 3’ end of the abasic site does not affect this observation and may
even serve to further impede bypass by DNA polymerases as a result of conformational changes that can
block the progression of the replication fork.
The comparison of the survival rates for the tandem lesions across the various strains can provide
us with valuable insight (Figure 3B). In particular, the SOS-induced strains exhibited higher survival
rates compared to the un-induced strains with this result being more prominent in the wild type strain.
SOS-induction increases the expression of TLS polymerase genes (pol II, IV, and V) by inactivating the
LexA repressor protein, which regulates these genes (14). These DNA polymerases can bypass lesions
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such as 8-oxoG or the AP site more efficiently than non-TLS polymerases but are significantly more
error-prone. Therefore the increased expression of TLS polymerases could be responsible for more
efficient bypass of the tandem lesion and the higher survival rates.
The un-induced DNA polymerase IV knockout strain also exhibited a higher survival rate
compared to the un-induced wild type strain, which could indicate competition between pol IV and pol
V for bypassing the tandem lesion. In such a case, pol V may be involved in more efficient lesion bypass
and hence the higher survival rate in the pol IV knockout strain. This is consistent with previous studies
concerning the enhanced efficiency of DNA polymerase V in lesion bypass (19). However, the viability
of the two SOS- induced strains are approximately the same (wild type, -pol IV). This could be due to
increased expression of DNA polymerase II during SOS induction, which could also compete with DNA
polymerase V during replication past the tandem lesion.

Mutagenesis of 8-oxoguanine in single and tandem lesions
The mutagenic profile of the single 8-oxoguanine lesion has been extensively characterized in
both mammalian cells and E. coli (8, 17). In line with these results, we have also found that G→T
transversions were the major mutations at a relatively low frequency in the strains that were analyzed by
DNA sequencing. The most interesting result surrounding the mutagenesis of 8-oxoguanine was found
in the tandem lesion. As previously indicated, the mutation frequency of 8-oxoG was enhanced when the
abasic site was present at the 5’ end of 8-oxoG (Figure 4). It is unlikely that the abasic site enhances
mutagenesis by directly affecting which DNA polymerase engages in bypass, since in the sequence
orientation, 8-oxoG is encountered first by the DNA polymerases during replication. However, it could
be the case that the abasic site enhances mutagenesis by altering the conformation of the DNA duplex
that in turn stabilizes any mismatches that may occur. In fact, it has been demonstrated in vitro that the
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thermodynamic stability of an 8-oxoG:A mismatch is higher in the 5’ZG8-oxo sequence orientation than
in the 5’G8-oxo single lesion (8). This could explain the increased tendency of 8-oxoG to mismatch in the
tandem lesion and hence its higher mutational frequency. Taking into consideration the fact that the 8oxoG/ AP site is a model for MDS lesions where 8-oxoG is generated adjacent to another DNA lesion,
our results further support the hypothesis that multiply damaged sites can have enhanced deleterious
effects on the cell. The increased rates of mutagenesis at the lesions present within such sites could be
responsible for the genotypic changes that are commonly associated with the development of cancer.

Mutagenesis of abasic site in tandem lesion
In addition to the mutagenesis of 8-oxoguanine, we have also studied the mutagenic properties of
the abasic site in the tandem lesion combination in the various strains. The replication properties of the
single abasic site have already been well characterized in strains of E. coli deficient in various Y-family
DNA polymerases (19,20). Here we have studied these properties in induced and un-induced wild type
strains, DNA polymerase IV knockout strains and triple knockout strains (where expression of all TLS
polymerases is knocked out). This was done to determine the role of the different TLS polymerases in
inducing the various mutations. The major mutation across all strains were deletions followed by a
variable percentage of Z→T mutations (Figure 5). The only strain that did not follow this pattern was
the –pol IV knockout strain under SOS induction which displayed an approximately equal percentage of
Z→Δ and Z→T mutations. The mutational pattern in SOS-induced wild type strain was different with a
much larger percentage of deletions compared to the –pol IV knockout strain (~65%). The increase in
the Z→T mutations in the latter strain could be evidence of bypass by DNA polymerase V which has
previously been shown to follow the “A rule” opposite the abasic site (19). Moreover, DNA polymerase
IV is thought to induce mainly deletions at the abasic site and this could be the reason that a smaller
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percentage of deletions are detected in the SOS-induced polymerase IV knockout strain (52% vs. 65% in
SOS-induced wild type strain).
It should be noted that the un-induced –pol IV strain still displayed a higher percentage of
deletions in spite of the absence of DNA polymerase IV, which is thought to be largely responsible for
them. A possible explanation for this pattern emerges if one takes into account the activity of other DNA
polymerases. For example, the TLS polymerase DNA polymerase II has been shown to induce deletions
at the abasic site (20). In addition, our data for the mutagenesis in the triple knockout strain shows that
DNA polymerases III or I are capable of bypassing the tandem lesion by inducing deletions ~93% of the
time. Therefore many of the deletions that are observed for the various other strains could in fact be the
result of bypass by normal non-TLS polymerases, although this may be relatively inefficient.
In this study we have used tetrahydrofuran as a model for the abasic site. The reason for this was
that the abasic site is inherently unstable and tends to undergo β-elimination and ring cleavage (21). We
have, therefore, assumed that the model abasic site will behave similarly to the actual abasic site in vivo.
However, the model abasic site lacks a hydroxyl group, which is an important chemical reactive group
that can affect the interactions that occur between the DNA strand and the DNA polymerase during
replication. As a result, it is reasonable to question whether the results presented in this report reflect
what actually happens during in vivo bypass. However, a comprehensive comparison of DNA
replication past the actual abasic site and its tetrahydrofuran analog has revealed that under SOSinduction tetrahydrofuran behaves in a manner similar to the abasic site even though this may not be true
in the absence of SOS-induction (18). Therefore we are confident in our conclusions of the mechanism
of DNA polymerase bypass at the abasic site, since they are based upon data from SOS-induced strains.
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7. Conclusion
We have provided a comprehensive overview of the mutational and cytotoxic properties of the 8oxoG/AP site tandem lesion in E. coli.We are interested in this tandem lesion because it serves as a
model for the larger class of multiply damaged sites that are frequently generated as an outcome of
ionizing radiation. Theses sites are characterized by enhanced mutagenic potential and impaired ability
to undergo DNA repair, and they are likely to play an important role in the initial steps of the
development of cancer. To answer our research questions, a single 8-oxoguanine (G8-oxo) lesion was
synthesized either as a solitary lesion or placed adjacent to a modified abasic site (Z) in dodecamer
oliogonucleotides. Using the techniques of recombinant DNA technology, these oligonucleotides were
incorporated into the M13mp7L2 bacteriophage vector. The recombinant DNA was used to transform
wild type E. coli strains and strains deficient in DNA polymerase IV in the presence or absence of SOS
induction. The relative bypass efficiency of the various strains and the mutagenic patterns were then
determined.
We have found that the presence of the abasic site tandem to 8-oxoguanine enhanced the
mutagenesis of this oxidative DNA lesion. This supports the hypothesis that the misreplication of one
lesion may be affected by the presence of a nearby lesion and hence that MDS damages can have
enhanced deleterious effects in the cell. The major mutation in the abasic site were deletions across all
strains. This is consistent with previous studies on the mutagenesis of the abasic site and shows that the
presence of 8-oxoguanine in the tandem lesion does not have a strong effect on the mutational pattern of
the abasic site. In spite of the pattern of deletions, we found that in the SOS-induced DNA polymerase
IV knockout strain the percentage of deletions and Z →T mutations was approximately the same. This
result strongly supports the hypothesis that DNA polymerase V bypasses the tandem lesion by inducing
mainly Z →T mutations.
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The bypass of the abasic site by DNA polymerase V may be considered an evolutionary
adaptation in the tandem lesion combination that reduces the potentially deleterious effects of the lesion.
Single nucleotide deletions are particularly destructive to the cell since they can lead to frameshift
mutations, resulting in a significantly deleterious effect on a particular gene. In contrast, a single base
substitution may result in a missence mutation that may not affect protein structure.
Further studies should be conducted to confirm these hypotheses and also to elucidate whether
sequence context affects which TLS DNA polymerase is more likely to bypass the lesions and the
mutations it induces while doing so. Overall, the results presented in this report have provided us with
further insight into how cells deal with extensive DNA damage that is thought to be the major causative
agent of cancer.
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9. Supplementary Data
Figure S1. Polyacrylamide Gel Electrophoresis image of P-32 radiolabeled
oligonucleotide inserts before and after PAGE purification. This image was used to
confirm that the PAGE purification of the oligonucleotide samples was successful.
From left to right the samples are: 1: Control oligonucleotide before purification 24: Control oligonucleotide after purification 5: “G8-oxo” containing oligonucleotide
before purification 6: “G8-oxo”

containing oligonucleotide after purification 7:

“5’ZG8-oxo” containing oligonucleotide before purification 8-9: “5’ZG8-oxo”
containing oligonucleotide after purification.

Table S1. Composition of solutions used in oligonucleotide hybridization
Name of solution

Composition

Prehybridization solution

6X SSC, 5X Denhardt’s solution

Hybridization solution

6X SSC, 5X Denhardt’s, 100 µg/mL Salmon sperm DNA, 0.05%
Na pyrophosphate, 0.1% SDS

Wash solution

6X SSC, 0.05% Na pyrophosphate, 0.1% SDS

20X SSC

3.0M NaCl, 0.30M Na citrate
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